Efficiency of gene targeting was increased more than 10-fold when an excess molar ratio of non-homologous fragments was added in the transformation of Aspergillus nidulans. In the targeted transformants, integration of such fragments into the host chromosome was a rare event. Hence, our approach proved practical in terms of producing successful targeting events without disturbing the host chromosomes.
Precise manipulation of genomes on a large scale is tedious and costly, if it not impossible, in many organisms. Ninomiya et al. 1) and Kooistra et al. 2) found that inactivation of the non-homologous end joining (NHEJ) pathway resulted in increased gene targeting efficiency in Neurospora crassa and Kluyveromyces lactis, respectively. These discoveries were expanded not only to many fungal species, but also to plants and human cells. Thus disruption of KU orthologs and interacting genes is a proven and reliable approach to improving gene targeting (reviewed in Inoue, 3) and Kuck and Hoff 4) ). However, effects on genomic instability due to the lack of Ku70/80 proteins have been reported for some fungi. 1, 5) This reminds us that care should be taken when using strains and cell lines that permanently lack NHEJ machinery essential to the DNA repair pathway, especially when used for industrial purposes.
To circumvent the problems accompanied by nonfunctional NHEJ, a system that transiently inactivates the KU ortholog by utilizing positive and negative selection of pyrG in A. nidulans 6) and A. niger 7) was developed, but species that can accommodate the selection procedure are limited in number. A different approach to transient inhibition of NHEJ was developed in Kooistra et al.:
2) gene targeting was significantly improved by the addition of a large amount of AluIdigested salmon sperm DNA (size range 100-500 bp).
To determine whether an excess amount of nonhomologous fragments improves gene targeting in the model fungus Aspergillus nidulans, fragments were amplified from the bacteriophage lambda (cI857Sam7, Wako, Osaka, Japan) genome and added in targeting assays. A uniform fragment rather than fragmented salmon sperm DNA was used to facilitate subsequent analysis. A 265-bp fragment was obtained with primers 07#01, 5 0 -ATGAGGTCATCACGGGATCC-3 0 , and 07#04, 5 0 -TTTGCATTCACCGCACCCAT-3 0 , by PCR. Primer 07#01 corresponded to 41,718-41,737 of the lambda genome sequence and contained a BamHI recognition site. After removal of unincorporated primers and nucleotides using a Microcon YM-50 filter (Merck Millipore, Darmstadt, Germany) and by phenol/ chloroform extraction, the fragment was digested with BamHI, resulting in a 246-bp fragment with an overhang. The shorter fragment was removed by Microcon YM-50 filtration. This 246-bp fragment was added to transformation as a monomer. Furthermore, this fragment was joined in the opposite direction by ligation to construct an inverted-repeat (IR) dimer. The IR dimer was also examined for its effect, since interaction with the NHEJ machinery was inferred from its rare occurrence during transformation. 8) To simplify the procedure, IR dimers were prepared to contain a molar ratio of 5:1 IR dimers to monomer, because complete removal of un-ligated monomer was not feasible. The Taq polymerase, and restriction and modification enzymes used in these nucleic acid manipulations were purchased from Takara (Otsu, Japan), and the oligonucleotide primers used for PCR were from Sigma-Aldrich (Tokyo, Japan). Protoplast preparation and transformation was carried out as described, 9) and transformants expressing the ptrA gene were selected under 100 ng/ mL of pyrithiamine. 10) We have established systems to assay gene targeting at three loci, yA, wA, and argB in A. nidulans, and we found that the efficiencies of gene targeting were elevated 4.5-fold at the yA locus and 2-fold at the wA locus by the overexpression of uvsC.
9) The monomer and the IR dimer of the lambda genome-derived nonhomologous fragment was added in the same assays. Plasmids used as targeting vectors were prepared by the WizardÔ Plus Midipreps DNA Purification System (Promega, Madison, WI). For assays at the yA and wA loci, vectors were designed and constructed to produce ends-in type recombination resulting in insertional gene disruption.
11) A standard condition was set: 0.5 pmol of targeting vector was incubated with 10 7 protoplasts in a final volume of 1 mL, and up to a 10-fold molar excess of the non-homologous fragment was added. In these assays, yellow or white colonies appeared, owing to disruption of the spore pigment locus, and targeting efficiency was shown by the percentage of mutant colored colonies. Transformation efficiency was also recorded and shown by number of transformants per 10 3 viable protoplasts.
The presence of excess amounts of non-homologous fragment significantly improved gene targeting in A. nidulans, as it did in K. lactis. The addition of a 10-fold molar excess of monomer resulted in 5-and 8-fold improvements in targeting efficiency at the yA and wA loci respectively ( Fig. 1A and B) . Further improvements were observed when an IR was added. With a molar ratio of 10-fold IR to the vector, targeting efficiencies at the yA and wA loci reached 81% and 77%, 7-and 12-fold increases respectively. A 443-bp fragment that shared the same 246-bp sequence at one side was amplified with 07#01 and a primer that is located at 42,141-42,160, and a 246-bp fragment that was amplified from different region of the lambda genome (26,109-26,354) were examined for their effects, and similar improvements in targeting were confirmed with these different lengths and sequences of non-homologous fragments.
To expand these observations to ends-out recombination, which results in replacement gene targeting, 11 ) a 1,062-bp PCR fragment from wild-type argB was used to complement the argB2 mutant allele. In this assay, transformants were obtained only when the targeting fragment was integrated to replace the mutant allele, and thus the transformation efficiency was equivalent to the targeting efficiency. 9) Transformation efficiency was increased 8-and 12-fold by the addition of the monomer and the IR dimer respectively (Fig. 1C) . These results are similar to those for insertional targeting. Transformation efficiency using a 10-fold molar excess of IR (0.05 transformants per 10 3 viable protoplasts) was about 15% of the efficiency of targeted transformation at yA (0.34 targeted transformants). This result is consistent with the requirement of a double-crossover event for gene replacement.
Furthermore, to determine whether excess amounts of non-homologous fragment interfere with NHEJ, illegitimate integration was evaluated directly in the presence of non-homologous fragments (Fig. 1D ). Plasmid pPTRI (Takara) containing ptrA was linearized with both HindIII and KpnI and used in transformation at 0.5 pmol after removal of the 36-bp fragment in the cloning site using a Microcon YM-100 filter. No transformant was obtained for the nkuAÁ strain (A1149, from the Fungal Genetics Stock Center, Kansas, MO), indicating that the integration was catalyzed exclusively by Ku70, and therefore, via the NHEJ pathway. Transformation efficiency was suppressed significantly with 10-fold IR-dimer, to 25% of control.
Although gene targeting was improved significantly by the addition of non-homologous fragments, concern remained that such fragments might be mutagenic if they integrate into the chromosomes. Hence their fate was monitored by Southern blot analysis using a DIGlabeled probe (Fig. 2) . Chromosomal DNA was isolated from the transformants, digested with HindIII, and transferred to Hybond N þ membrane (GE Healthcare/ Amersham, Buckinghamshire, England) by standard 3 viable protoplasts). The transformation efficiency that was equivalent to the targeting efficiency at the argB locus (C) was assayed with a 1.1-kb fragment that covered an argB2 mutant allele together with an excess amount of the 246-bp fragment. The suppressive effect of the excess fragment on illegitimate integration was examined using pPTRI, which harbors ptrA for selecting transformants (D). Numbers shown are means and standard deviations for three consecutive experiments. In each experiment, protoplasts were incubated in three plates in which about 30 to 50 colonies were observed per plate, and thus the targeting efficiency was evaluated in 100 to 150 transformants. An exception to the number of protoplasts plated was the control for the argB locus assay, where the transformation frequency was too low, and hence the number shown was calculated from 10 7 protoplasts on plates.
procedures, 12) and hybridizing signals were detected using the DIG DNA labeling system (Roche Diagnostics, Basel, Switzerland). Three non-homologous fragments obtained from the lambda genome did not give rise to any signal on the host chromosomes. Integration of the additional 246-bp fragments was a rare event in the targeted transformants, but was significantly more frequent in the non-targeted transformants (Table 1 , 5/33 versus 29/33, Chi squared = 22.3, df = 1, p < 0:05). Out of 33 targeted transformants that had the mutant spore color, the non-homologous fragment was detected in five (15%). In these blots, HindIIIdigested lambda DNA (ranging from 0.01 to 1.2 fmol) was included as control to ensure that the minimum detection limit was lower than a single copy of the fragment. Chromosomal DNA (4 mg) from a transformant (equivalent to 0.2 fmol) was loaded onto a gel, and a hybridization signal was detected from 0.05 fmol of a 6.6 kb lambda fragment. In contrast, signals were detected in 29 out of 33 non-targeted transformants (88%). In 27 out of 29 such transformants (93%), a signal greater than that of a single copy was detected, and signals of four or more copies were detected in six transformants. These observations indicate that integration of the fragment frequently occurred at multiple sites on the chromosomes, in addition to the integration of the transforming vector.
Following the reports of Ninomiya et al. 1) and Kooistra et al.,
2) further improvements were reported in an nkuAÁ strain of A. nidulans by Nayak et al. 5) In our experiments, no transformant was obtained by illegitimate integration in a strain that has the same nkuAÁ allele (A1149), indicating that it was exclusively catalyzed by the Ku70 protein under the conditions imposed. By adding excess amounts of non-homologous fragments, illegitimate integration was suppressed (Fig. 1D) and gene targeting was improved (Fig. 1A-C) . Therefore, the activity of Ku70 protein in the ectopic integration of the targeting vector was probably suppressed under these conditions. Because the Ku70/80 complex has affinity to naked DNA ends, 13) it can be adsorbed at the ends of abundant additional fragments and titrated out, reducing the likelihood that it acts between chromosomal double-strand breaks (DSBs) and vector DNA harboring the selection marker.
Improvement of gene targeting by the addition of non-homologous fragments was reported by Kooistra et al.
2) for K. lactis, and the authors hypothesized that homologous recombination (HR) was activated by recognition of excess DNA ends as a signal for DSB repair. Our results are consistent with the proposal that the activated HR was responsible, at least in part, for improved gene targeting, rather than inactivation of NHEJ as sole and exclusive cause. The targeting efficiencies of the controls were about 10%, and hence, in the remaining 90% of transformants, integration occurred ectopically (Fig. 1A and B) . Illegitimate integration decreased to 25% of control with a 10-fold molar excess of IR (Fig. 1D) . Therefore, if NHEJ activity for ectopic integration was simply titrated out and removed at this level during the integration process, transformation efficiency would be expected to drop significantly. However, it was not affected, and thus, to compensate for the lack of ectopic integration, HR activity must have been upregulated, as in the case of K. lactis.
The same molar ratio of IR dimers was reproducibly more effective at improving gene targeting as compared with the corresponding monomer (Fig. 1A-C) . The mechanism was not further scrutinized, but targeting efficiency was at similar levels for a 10-fold and a 5-fold molar excess of monomer and IR dimer respectively. This suggests that the number of nucleotides can also affect interaction with Ku70. However, a 443-bp nonhomologous fragment did not show any further improvement. In terms of the lengths of molecules, the IR dimer was similar to the monomer of the longer fragment, and the IR was twice as effective as of the monomer of the longer fragment at both 5-fold and 10-fold molar excesses; therefore, the IR dimer might have its own effect. Because the DNA-dependent protein kinase catalytic subunit, DNA-PKcs, which interacts with mammalian Ku70/80, has affinity to Holliday junctions, 14) it is possible that the secondary structure of the IR can interact with and suppress the NHEJ pathway more effectively. However, the presence of DNA-PKcs has not been reported in Ascomycetes fungi, and thus it would be interesting to search for a functional homolog.
In practical applications, the fate of the additional non-homologous fragment is a critical issue. Even if targeting efficiency were improved, integration of the fragments during targeting would be an impediment for this simple method. Regarding the fate of the fragments, A 246-bp fragment amplified from the lambda genome was labeled and hybridized to HindIII-digested chromosomal DNA of transformants (about 4 mg, equivalent to 0.2 fmol). Three independent transformants that had mutant spore color are shown from lanes 5 to 7 (Targeted), and two transformants with wild-type spore color shown in lanes 8 and 9 (Ectopic). As detection control, a 5 À1 serial dilution of HindIII-digested lambda DNA ranging from 0.01 to 1.2 fmol was included (lanes 1 to 4), and the fragment hybridizing to a 6.6-kb lambda fragment was detectable at 0.05 fmol. Numbers are shown as number of transformants in which the nonhomologous fragment was detected per total number of transformants analyzed. a significant difference was observed between targeted and non-targeted transformants in the chromosomal integration of the fragments ( Fig. 2 and Table 1) , and multiple signals of the fragment were detected in more than 80% of the non-targeted transformants. Hence it can be assumed that out of 10 6 viable protoplasts in the transformation reaction (10% of 10 7 ), the NHEJ activity for ectopic (illegitimate) integration was high in some cells and the inclusion of excess amounts of fragments in the protocol was not sufficient to suppress it, and the fragments were integrated at multiple chromosomal sites with ectopic integration of the transforming vector. In other cells, however, such activity was not as high, and was suppressed by the fragments, allowing homologous recombination to become evident, resulting in gene targeting. Grotelueschen and Metzenberg 15) used heterokaryotic N. crassa protoplasts to show that transformation is dependent on the competency of the nucleus and can be determined by the availability of appropriate chromosomal sites for ectopic integration, indicating that the state of the protoplasts was not uniform.
Disruption of KU orthologs, resulting in inactivation of NHEJ, is a proven approach to effective gene targeting in a wide range of species. 3, 4) Based on the research of Ninomiya et al. 1) and Kooistra et al., 2) transient interference of NHEJ was a logical next step to extend practical applications, 6, 7) and this was achieved by the addition of excess amounts of non-homologous DNA fragments. Therefore, in conclusion, this approach was practical in terms of the fate of the fragments, and it produced successful targeting events and is a good candidate for the improvement of gene targeting by transiently suppression of NHEJ.
